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A description is given of a possibie model of burnout in a high-speed 
gas-liquid flow and of a method of calculation based on this model. 
An experimental apparatus is briefly described, together with the re- 
sults of a study of the critical heat fluxes for a steam-water mixture 
in the dryness range above 0.8 at pressures to 10 G N/m 2. The experi- 
mental data are compared with the theoretical values. 

Recent ly ,  much at tent ion has been  devoted to the 
poss ib i l i t y  of cool ing in tense ly  heated  s u r f a c e s  by 
means  of g a s - l i q u i d  and v a p o r - l i q u i d  mix tuI ' es  with 
a low vo lume  content  of condensed  phase.  

Under  these  condi t ions  heat  t r a n s f e r  is much h ighe r  
than fo r  pure  vapo r  cooling- and even h i g h e r  than fo r  

cool ing  with' a l iquid  at the s a m e  m a s s  flow rate .  At 
high flow v e l o c i t i e s  a g a s - l i q u i d  m i x t u r e  m o v e s  in an 

annu la r  or  d i s p e r s e - a n n u l a r  flow reg ime .  At the s u r -  

face  of the tube t h e r e  is f o r m e d  a v e r y  thin, gas -  

e n t r a i n e d  l iquid  f i lm with a ve loc i ty  g r e a t e r  than that 
in the wall  l a y e r  fo r  pure ly  l iquid cool ing (at the s a m e  
m a s s  flow rateJ. The r e s t  of the l iquid  is d i s p e r s e d  

in the gaseous  c o r e  of the flow. Between the f i lm and 

the c o r e  t he r e  is an exchange  of liquid, which inten- 

s i f ies  hea t  t r a n s f e r  and supp! ies  l iquid to the fi lm, 
thus to s o m e  extent  compensa t ing  for  evapora t ion .  
M o r e o v e r .  the h i g h e r  heat  conduct ivi ty  and the higher .  
as c o m p a r e d  with the vapor ,  densi ty of the l iquid in 

the wall  l a y e r  c r e a t e  much m o r e  f avo rab l e  condi t ions  

fo r  heat  t r a n s f e r  than vapo r  moving  at the s a m e  ve-  

loci ty.  F o r  t he se  r e a s o n s  both Soviet  and fo re ign  

s c i e n t i s t s  a r e  showing c o n s i d e r a b l e  i n t e r e s t  in this 

method  of cooling.  
Recent  s tud ies  [1-31 show that it is poss ib le  to as-  

sume  the e x i s t e n c e  of two di f ferent  burnout  m e c h a -  

m s m s  in f o r c e d  f lows of g a s - l i q u i d  mix tures ,  In a 

flow of subcoo led  l iqu id  and in the region of low vol -  
ume contents  of gas phase burnout  is connec ted  with 

the fact  that a t r an s i t i on  f r o m  nuclea te  to f i lm boi l ing 

takes place in the wall  l ayer .  At h igher  gas phase con-  

tents  and high flow v e l o c i t i e s  burnout  has a r a t h e r  dif- 
f e r e n t  c h a r a c t e r  and g e n e r a l l y  occu r s  at l ower  heat  

loads than in o r d i n a r y  boi l ing.  
If the flow v e l o c i t y  of the l iquid in the f i lm is suf-  

f i c i en t ly  high, the vapor iza t ion  p r o c e s s  at the wall 

may be s u p p r e s s e d  by convec t ion  and l iquid may be 

evapo ra t ed  only f rom the s u r f a c e  of the f i lm. In this  

c a s e  the e s s e n t i a l  d i f f e rence  f rom the burnout  m e c h a -  

n ism in o r d i n a r y  boi l ing  is that t h e r e  is a sha rp  de- 

t e r i o r a t i o n  in heal t r a n s f e r  condi t ions  as a resu l t  of 

the total evapora t ion  of the l iquid film. The e x i s t e n c e  

of burnout  of this t ype  is c o n f i r m e d  by visual  o b s e r -  

r a t ions  and m o t i o n - p i c t u r e  photography of a heated  

plate  p laced  in a w a t e r - a i r  flow moving  at high v e l o c -  

ity. The f r a m e s  r ep roduced  in Fig. 1 show how the 
f i lm d i sappea r s  as the heat  load is i n c r e a s e d  f r o m  0 
to 1 . 5 . 1 0  6 W / m  2, whereupon the plate is de s t royed  

(the m o t i o n - p i c t u r e  photography was c a r r i e d  out at 
the T h e r m o p h y s i c s  Depa r tmen t  of the Katinin Lenin-  
g rad  Poly technic  Inst i tute  by M. E. Lav ren t ' ev ) .  

Fig:  ! .  Burnout  of  a plate  in a d i s p e r s e - a n n u l a r  

w a t e r - a i r  f low (d i rec t ion  of flow f r o m  r ight  to 
left): a) at q = 0  (continuous f i lm b reak ing  up at the 
edge), b) q ~ 0 (edge of continuous f i lm r e c e d e s  

f r o m  edges  of p la te) ,  c) q =1,5 �9 10 G W/in ~, d) de-  

s t ruc t ion  of pla te ,  

In the d i s p e r s e - a n n u l a r  flow r e g i m e  the wall  l a y e r  
of l iquid is cont inual ly  r e p l e n i s h e d  with d rop le t s  f r o m  

the flow core .  T h e r e f o r e  the c r i t i c a l  h e a t  flux mus t  

depend both on the f lowra te  of l iquid  in the f i lm and 

on the r a t e  of r ep l en i shmen t .  
At p re sen t ,  m o s t  e f for t  is being c o n c e n t r a t e d  on 

c r e a t i n g  a burnout  model  f o r  a d i s p e r s e - a n n u l a r  flow 

that is amenab le  to m a t h e m a t i c a l  d e s e r i p t i o n  [2:-4]. 

The cons t ruc t i on  of a suf f ic ien t ly  r e l i a b l e  ca l cu la t ion  

method r e q u i r e s  a de ta i l ed  knowledge of the p r o c e s s  

of diffusion of the l iquid  d rop le t s ,  the d i s t r ibu t ion  of 

l iquid  o v e r  the c r o s s  sect ion,  and the s tab i l i ty  con- 

di t ions fo r  the f i lm.  These  ques t ions  have s t i l l  not 

been adequa te ly  inves t iga ted .  In gene ra l ,  a t t empt s  
to c a l c u l a t e  the c r i t i c a l  condi t ions  have  been a s s o c i -  

ated with the in t roduet ion  of a n u m b e r  of coe f f i c i en t s ,  

unknown in the gene ra l  case ,  which have to be d e t e r -  

mined  e x p e r i m e n t a l l y  11-3F. 
The r e su l t s  of c o m p a r i n g  e x p e r i m e n t a l  data with 

the va lues  ca l cu l a t ed  f r o m  the r e c o m m e n d e d  e x p r e s -  

s ions  a r e  often unsa t i s f ac to ry .  M o r e o v e r ,  a l m o s t  all  

the publ ished data r e l a t e  to the h i g h - p r e s s u r e  region.  
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In th is  p a p e r  we p r o p o s e  a model  which can be  
u s e d  to c a l c u l a t e  the c r i t i c a l  hea t  f lux in the d i s p e r s e -  
annu la r  f low r e g i m e  at  low p r e s s u r e s .  

It is  a s s u m e d  that  fo r  z e r o  hea t  f lux the wal l  f i lm  
has  cons tan t  t h i cknes s .  The flows of l iquid  to and 
f r o m  the f i lm  a r e  equal.  If we supply  an amount  of 
hea t  to the tube wal l  g r e a t e r  than that  r e q u i r e d  to 
e v a p o r a t e  the l iquid  supp l i ed  f rom the flow core ,  then 
the f i lm  wil l  g row th inner .  It is  a s s u m e d  that  t h e r e  is  
no v a p o r i z a t i o n  at  the tube wal l  and l iquid  is  evapo-  
r a t e d  only f r o m  the f i lm  su r face .  At high, n e a r - c  r i t i c a l  
hea t  loads ,  even at  a s m a l l  d i s t ance  f r o m  the in le t  the 
f i lm  b e c o m e s  thin enough fo r  s t r i p p i n g  of l iquid  f rom 
i ts  s u r f a c e  to b e c o m e  neg l ig ib le  and a l l  the m o i s t u r e  
f r o m  the  c o r e  is  t r a p p e d  by the f i lm.  The to ta l  d i s -  
a p p e a r a n c e  of l iqu id  f rom the wal l  l e ads  to a s h a r p  
d e t e r i o r a t i o n  in hea t  t r a n s f e r  condi t ions  (burnout),  
s ince  e v a p o r a t i o n  of the l iquid  f rom the flow co re  is  
insuf f i c ien t  to r e m o v e  the hea t  supp l i ed  to the wall .  
In [5] it  was shown that  the  f lux of so l id  p a r t i c l e s  p r e -  
c i p i t a t e d  f r o m  a t u rbu len t  gas  flow can be  a p p r o x i -  
m a t e l y  c a l c u l a t e d  f r o m  the e x p r e s s i o n  

e A 
Gc = - -8  CWg= T Re~cwg. (1) 

The p r e s e n t  au tho r s  have  made  an addi t iona l  s tudy 
of the p r e c i p i t a t i o n  of l iquid  d r o p l e t s  f r o m  the d i s -  
p e r s e  c o r e  of a h i g h - s p e e d  flow. It was found that  in 
the r eg ion  of m a s s  m o i s t u r e  conten ts  f r o m  0.1 to 0.5 
the coe f f i c i en t  A depends  only s l i gh t ly  on the conc e n -  
t r a t i o n  of l iquid  in the flow core .  In th is  r ange  of 
m o i s t u r e  conten ts  in the f i r s t  a p p r o x i m a t i o n  for  fine 
d r o p l e t s  we may  take  A = 0.316, as  in the usua l  B la -  
s ius  e x p r e s s i o n  fo r  the d rag  coef f i c ien t  in a s i n g l e -  
phase  flow, In exac t l y  the s a m e  way, the va lue  n = 
= - 0 . 2 5  p r o v e s  to be c o r r e c t .  

The b a l a n c e  equat ion  fo r  the l iquid  d i s p e r s e d  in 
the core for an element of tube length, neglecting the 

thickness of the film as compared with the tube diam- 
eter, is written in the form 

,~ D ~ 
= D O  c dz ' ~ ' & ' : ~ O .  (2) 

4 g 

F o r  a r e l a t i v e l y  s m a l l  change  in v a p o r  content  
a long the tube i t  is  p o s s i b l e  to a s s u m e  that  the v e l o c -  
i ty is cons t an t  a long the length.  Then in t eg ra t ion  of 
(2) us ing  (1) with b o u n d a r y  condi t ion  c = c o, when z = 
= 0, g ives  an e x p r e s s i o n  fo r  the change in the con-  
cen t r a t i on ,  a v e r a g e d  ove r  the c r o s s  sec t ion ,  of l iquid 
in the c o r e  along the length  of the tube:  

A Re,, z [ (3) 
c ~ c , e x p  2- g D 

With our  in i t ia l  a s s u m p t i o n s  the ba l ance  equat ion 
f o r  the l iquid  in the f i lm for  a tube e l e m e n t  may  be 
wr i t t en  in the fo l lowing fo rm:  

r. Dqc r dz 
A i -q- dGf  - G c ":= Ddz  ) (4) 

The l a t t e r  equation is i n t e g r a t e d  with the boundary  
c on dit ions 

z = 0 ,  Gf ~ G f o ,  

z :Zcr, Gf =:0. (5) 

As  a r e su l t ,  f o r  the spec i f i c  c r i t i c a l  f lux we get  

Ai{ 
qcr= ~Dzcr Gf 0"~- 

+ Gc o 1 - - e x p  - ~ 2 D  . (6) 

F o r  v e r y  s h o r t  tubes  Eq. (6) does not hold,  s ince  
as  the hea t  load  i n c r e a s e s  condi t ions  develop under  
which boi l ing  at  the wal l  b e c o m e s  inev i tab le  and b u r n -  
out is  a s s o c i a t e d  with i n s t ab i l i t y  of the t w o - p h a s e  
l a y e r  at  the walt .  

Equat ion (6) m a k e s  i t  p o s s i b l e  to ca l cu l a t e  the 
c r i t i c a l  hea t  f lux if the d i s t r i bu t ion  of l iquid  be tween  
the f i Im and the d i s p e r s e  co re  is  known at  the in le t  
to the hea ted  channel .  On the b a s i s  of an a n a l y s i s  of 
quite ex tens ive  da ta  obta ined  by v a r i o u s  au tho r s  [6-101 
on the l iquid  flow r a t e s  in the f i lm  in w a t e r - a i r  f lows 
we obta ined  the equat ion 

Gf G~ :~ 0.985 0.44 log i ~  IP'zw'----~g) ~'104 1" (7) 

Equat ion (7) d e s c r i b e s  a l l  the e x p e r i m e n t a l  data of 
[6-10]  with an a c c u r a c y  of =E30%. In th is  c a s e  the p a -  
r a m e t e r  ( P g / P l )  ( P l W g / a )  2 was v a r i e d  within the r ange  
(1-100) �9 10 -4, which in a l l  c a s e s  c o r r e s p o n d e d  to a 
d i s p e r s e - a n n u l a r  flow r e g i m e  of the g a s - l i q u i d  m i x -  
tu re .  It should be noted that (7) was obtained on the 

basis of experimental data on water-air flows only, 

since there is no such information in the literature 

concerning vapor-liquid mixtures. 

Equation (7) is easily solved for Gf/G I by the meth- 

od of' successive approximations. 
The proposed model will be incorrect in the case 

of vaporization at the wall, since this may lead to 

loss of stability and stripping of the film even before 

its total evaporation. 
Below we present the results of an experimental 

study of burnout in the disperse-annular flow regime 

for a steam-water mixture. The region of pressures 

covered extended from 1.96 to 9.8" i0 s N/m 2. The ex- 

periments were conducted on stainless steel tubes 

5 ' 10 -3 m in internal diameter and of length L = 0.240 

and 0.425 m. Dry steam from a boiler was fed into 

the inlet of the apparatus. In a mixer water was in- 

jected into the steam and the steam-water mixture 

obtained was fed into the working section, and then 

into a condenser. The injected water was preheated 

in an electric furnace. 
The mass vapor content was varied in the range 

from 0.5 to 0.9. The investigated range of vapor mass 

flow rates was 200-1200 kg/m ~'see, which corre- 

sponds to a liquid content by volume of less than 1%. 
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Fig .  2. Spec i f ic  c r i t i e a I  hea t  f lux q c r  (W/m2) as  a funct ion 
of the to ta l  m a s s  flow r a t e  of w a t e r  Ml  (kg/m2" sec)  in the 
flow fo r  P = 2.94.105 N / m  2 and L = 0.24 (A) and 0.425 (B) 
m: 1 and a) by ca l cu l a t i on  and f r o m  e x p e r i m e n t a l  da ta  fo r  
M g =  318 k g / m  2 . s e c ;  2 a n d b )  the s a m e  fo r  M g = 5 0 0  k g /  

/m 2 �9 sea .  

M l 
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In this  in te rva l  the m a x i m u m  va lues  of the vapor  
m a s s  ve loc i ty  were  reached only at the highest  p r e s -  
su re s .  The vapor  flow ra te  was de t e rmined  f rom the 
m e a s u r e d  volume of condensate  formed,  the known 
water  in jec t ion  ra te ,  and the p a r a m e t e r s  of the s t eam 
and the wa te r  before  mixing.  As a check, the heat  
ba lance  was computed. Over  the en t i re  tes t  in te rva l  
we noted p r e s s u r e  pu lsa t ions  with an ampl i tude  of the 
o rde r  of l04 N / m  2 and a per iod  of about 0.5 sec. Since 
the p r e s s u r e  pu lsa t ions  a re  accompanied  by flow ra te  
pu lsa t ions ,  while the vapor  flow ra te  was not cont inu-  
ously recorded ,  in p rac t i ce  we de t e rmined  the a ve r -  
age vapor  flow rate .  The m a x i m u m  e r r o r  was in de- 
t e r m i n i n g  the in jec t ion  flow rate.  In the region  of 
sma l l  flow r a t e s  the r e l a t ive  m e a s u r i n g  e r r o r  r eached  
5%. 

The working sec t ion  was heated with a l t e rna t i ng  
cu r ren t .  The power output was computed f rom m e a -  
su r ed  va lues  of the vol tage drop on the working  sec -  
t ion and the cu r r en t .  The m a x i m u m  m e a s u r i n g  e r r o r  
did not exceed 1%. 

To r e c o r d  burnout ,  a thermocouple ,  connected to 
the input of a regu la t ing  e lec t ron ic  po ten t iomete r ,  was 
soIdered  to the wall  10 m m  f rom the outlet end of the 
working sect ion.  When the wall  t e m p e r a t u r e  at the 
s i te  of the the rmocouple  reached  900 ~ K the potent i -  
ome te r  r e l ay  au tomat ica l ly  d i sconnec ted  the e l ec t r i ca l  
supply to the working  sect ion.  To reach  c r i t i ca l  con-  
dit ions,  the power supp l iedwas  cont inuously  i nc r e a se d  
unt i l  s tab le  t e m p e r a t u r e  f luctuat ions  appeared  at the 
an t ic ipa ted  bu rnou t  si te.  The ampl i tude  of these  f luc-  
tua t ions  s o m e t i m e s  reached  tens of degrees .  The value 
of the heat  flux co r r e spond ing  to this ins tan t  was taken 
as the c r i t i c a l  v a l u e ,  s ince  a f u r t he r  s l ight  i n c r e a s e  
in the power suppl ied  led ins t an taneous ly  to a sharp  
i n c r e a s e  in t e m p e r a t u r e  at the burnou t  si te.  The ex- 
i s t ence  of s table  wall  t e m p e r a t u r e  f luc tuat ions  p r e -  
ceding burnou t  has a lso  b e e n  noted by other  authors .  
It  may  be connec ted  with the p r e s e n c e  of c e r t a i n  flow 
ra te  pu l sa t ions  in the sys tem.  

The r e s u l t s  of the e x p e r i m e n t s  a re  p r e s e n t e d  in 
Fig.  2, for  two vapor  flow ra t e s  as p a r a m e t e r .  The 
f igure  g ives  the dependence of the specif ic  c r i t i ca l  
heat  flux on the total  amount  of l iquid in the flow. The 
cont inuous  l ines  c o r r e s p o n d  to the va lues  ca lcu la ted  
f r o m  Eq. (6). It was a s s u m e d  that A ~ 0.3164 and n = 
= - 0 . 2 5 ,  while the Reg n u m b e r  was ca lcu la ted  f rom 

the f o r m u l a  

Reg = 4Gg/r~ D ~g. (8) 

same order  as the average  p r e s s u r e  de te rmined  as 
the a r i thmet ic  mean  of the p r e s s u r e s  at the inlet  and 
outlet  of the working section.  This  c r ea t ed  addit ional  
difficult ies in analyzing the exper imen ta l  data, s ince  
the flow p a r a m e t e r s  va r i ed  cons ide rab ly  along the 
length. 

It  is c l e a r  f r o m  the f igure  that  qcr  i n c r e a s e s  with 
i nc r ea se  in M l and fal ls  with i n c r e a s e  in vapor  flow 
rate .  Compar i son  of Figs.  2A and 2B revea l s  that an 
i n c r e a s e  in the length of the sect ion leads to a de- 

c r e a s e  in qcr.  
Compar i son  of the expe r imen ta l  and ca lcula ted  r e -  

sul ts  shows that Eq. (6) gives va lues  of qcr  close to 
the expe r imen ta l  values .  

NOTATION 

Gc--Specific mass flux of droplets from the core; s--drag coef- 
ficient, c-concentration of liquid in flow core, kg/m2; w--average 
flow rate; Re--Reynolds number; A, n--constants; D--tube diameter; 
z--longitudinal coordinate; q--specific heat flux; G-total flow rate; 
M--mass velocity; ~i--change of enthalpy upon vaporization; ~- 
dynamic viscosity, p--density" o-surface tension. ~" = p~[l + G,(I - 

- G f / G l ) / F p g W g ] ;  F- t ube  cross-sectional area; P--average pressure. 
Subscripts: g--gas phase; /--liquid phase; f - f i lm;  sus-liquid suspended 
in gaseous flow core; o- in le t  section of heated length; cr--critical con- 
ditions. 
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